Capillary zone electrophoresis with indirect UV detection at 254 nm was found to be suitable for the determination of organic acids and phosphate in aqueous extracts of soil. The best support electrolyte solution was found to be 10mM p-hydroxybenzoic acid with 0.5mM tetradecyltrimethylammonium bromide to reverse electroosmotic flow. This methodology was tested with 9 analytes found in soils: acetate, citrate, formate, phosphate, lactate, oxalate, pyruvate, succinate, and tartrate. The results obtained show that the methodology is adequate for most of the analytes. The sensitivity to oxalate and citrate was low, and the high concentrations of major inorganic anions interfered with the detection of the former. The methodology was applied to the analysis of aqueous extracts of soil samples. Formate, phosphate, lactate, and acetate anions were detected in most of the samples.
O rganic acids of low molecular weight are involved in processes of soil formation, and they participate directly in mineral and rock dissolution through complexation reactions and their capacity to release protons (1) . Most of these acids result from microbial metabolism, decomposition of plant waste, and root exudation. The presence of these acids in the rhizosphere may be important in the detoxification of aluminum (2, 3) and other metallic elements (4), as a carbon resource for microorganisms, and in the assimilation and mobilization of some macronutrients (5) . Most aliphatic organic acids are water soluble, but their concentrations depend on the rate of production and exudation, plant assimilation, microbial consumption, and immobilization mechanisms such as adsorption and formation of insoluble complexes or chelates with mineral constituents (6). Tani et al. (1) , in analyses of solutions from forest soils, mainly detected the presence of formic, acetic, lactic, citric, and oxalic acids in variable proportions, and they also observed that the amounts of acetic acid and formic acid increased with an increase in soil moisture content. They also considered seasonal changes, and their results showed that levels of aliphatic organic acids reached a maximum value in summer (7) .
Organic acids of low molecular weight can be determined by chromatographic techniques like ion chromatography or liquid chromatography (8) .
Traditional analytical methods used to analyze environmental samples have high operational and capital costs and insufficient sensitivity for some analytes; however, recently developed nonsuppressed ion chromatography may provide a less expensive means for determining these analytes (9) .
Capillary electrophoresis (CE), as an emerging analytical technique, represents a good alternative to chromatographic techniques in the determination of these analytes because it allows the analysis of small samples in a short time. Its application to the analysis of environmental samples has been infrequent. CE has been used mainly to determine inorganic and organic ions in water matrixes such as drinking water and groundwater (10), snow and rain water (11, 12) , and soil solutions (13, 14) .
CE involves the separation of chemical species in a capillary tube containing a liquid in which charged particles migrate when a high voltage is applied. The selection of buffer or electrolyte within and at each end of the capillary tube is important for analyte determination in certain samples because it must ensure constant and optimal ionic strength and pH; thus, it is one of the main variables for obtaining good separation of sample components. Several types of electrolytes have been used to determine organic acids, usually aromatic organic acids characterized by high UV absorptivity (15) . Indirect detection has been satisfactorily used to determine non-UV-absorbing inorganic anions (16) . In the case of anions, an electroosmotic flow (EOF) modifier must also be used as one of the electrolyte components to reverse EOF direction, i.e., forcing the anions to migrate in the same direction as the EOF from injection to detection point. Cationic surfactants are used to reverse the EOF. The effects of these compounds on electrolyte systems and their optimal concentrations, the nature of anion electrolytes, and the pH values of the solutions have been studied (17, 18) .
The purpose of the present study was to develop adequate methodology by using benzoic acid and p-hydroxybenzoic acid as buffer solutions and tetradecyltrimethylammonium bromide (TTAB) as a flow modifier to determine organic acids in aqueous extracts of cultivated soils having different total Cu levels. Cu was included in this study because much of the soil in Central Chile has been irrigated with water polluted by large copper mining enterprises. The plants cultivated in soils contaminated with Cu can excrete organic acids as a possible mechanism to decrease metallic stress.
Experimental

Instrumentation
The CE system consisted of a Capillary Ion Analyzer (Waters, Milford, MA) equipped with a UV on-column detector and negative power supply; an AccuSep fused-silica capillary (Waters, 60 cm × 75 µm id, 52 cm effective length) for separation; and Millennium 2.15 software (Waters) for data acquisition.
Conditioning of the Capillary Column
The capillary column was conditioned daily by washing it for 5 min with 0.5M NaOH, followed for 5 min by deionized water obtained from a Milli-Q system (Millipore, Bedford, MA), and then with separation buffer for 5 min before the first sample run and 2 min between sample runs. Each new capillary was pretreated with 0.5M NaOH for 10 min.
Conditions for CE Separation
A constant temperature (25°C) was used for separation, and voltage was applied with the anode situated at the detector. The current intensity under these conditions ranged from 4.4 to 13 µA, depending on the pH and buffer. Hydrostatic injection was used with a sampling time of 30 s, a height of 10 cm, and 30 nL injected sample. Indirect photometry at 254 nm was used for detection. 
Reagents
All reagents were of analytical grade. Carboxylic acid standard solutions were prepared by using Sigma (St Louis, MO) and Merck (Darmstadt, Germany) reagents and deionized water obtained from a Milli-Q system (Millipore).
Buffers
Buffer solutions were prepared from sodium benzoate (BZ) and sodium p-hydroxybenzoate (PHB), both analytical grade from Merck, and 0.5mM TTAB was used as a flow modifier. The BZ concentration was 10 mM, the PHB concentrations were 5 and 10mM, and pH was adjusted with 0.1M NaOH within the 3.5-6.5 range. Before use, the buffer was filtered through a 0.45 µm cellulose nitrate membrane filter. The running buffer was prepared daily.
Calibration
Calibration curves to determine detection and quantitation limits were prepared for most analytes within a concentration range of 0.5-10 mg/L, and within a concentration range of 6-30 mg/L for citrate and oxalate.
The calibration curves for analysis of aqueous extracts of soil were prepared for an analyte concentration range of 0.5-10 mg/L; various amounts of nitrate, depending on the sample, were added to reproduce the concentration of inorganic anions contained in the sample.
Calculation of Detection and Quantitation Limits
Detection and quantitation limits were calculated by the statistical method proposed by Miller and Miller (19) according to the following respective equations: y = y b +3S b and y = y b + 10S b , where y is the detection or quantitation limit, y b is the blank signal, and S b is the standard deviation from the blank. The parameters y b , y, and S b were obtained through the regression straight line for calibration. The values of the ordinate at the origin, calculated as an estimation of y b , and the standard deviation estimated as Sy/x rather than S b were used.
Samples
Initial experiments were performed with a model mixture consisting of a solution containing 9 anions at 6 mg/L (phosphate, formate, pyruvate, tartrate, citrate, lactate, oxalate, succinate, and acetate) plus the major inorganic anions chloride, sulfate, and nitrate at respective concentrations of 100, 200, and 500 mg/L to simulate actual concentrations in soil extract.
To determine precision and percent recovery, an aqueous extract of soil free of organic acids was spiked by adding standard solutions of acetate, formate, lactate, phosphate, pyruvate, succinate, and tartrate to obtain a final concentration of 6 mg/L for each acid in the sample.
A soil sample of an inceptisol (Xerochrept) was collected, dried at room temperature, crushed, and sieved through a 2 mm sieve. Soil portions were mixed in a 1:2 ratio (w/w) with Cu(NO 3 ) 2 solutions of Cu at 0, 10, 40, and 200 mg/L, and the mixtures were stirred for 12 h. Each mixture was dried at 30°C and crushed to pass through a 2 mm sieve. A 900 g portion of the soil sample was placed in plastic pots, and lettuce (Lactuca sativa) was planted. The pots were kept in a chamber under controlled conditions of temperature, humidity, and light for 50 days according to the following schedule: for 0-2 h, 22°C and light at 280 µeinstein/m For each total Cu level (534, 597, and 890 mg/kg), 5 pots with 3 plants each and the corresponding control (Cu = 515 mg/kg) were placed in the chamber. At the end of the experiment, the soil around the roots (rhizospheric soil) was collected from the pots. The aqueous extracts were prepared by mixing soil and deionized water in a 1:0.5 (w/w) ratio at 22°C. After 12 h contact, the soil was separated by centrifuging at 15 000 rpm for 30 min at 18°C in a Biofuge 28 RS (Heraeus, Sepatech) centrifuge. The supernatant was filtered through a 0.20 µm cellulose nitrate filter, and the filtrate was stored at -30°C.
Results and Discussion
The choice of BZ and PHB as background electrolytes was based on the work of Romano et al. (20) , who studied electrolyte systems of various mobilities, including a commercial solution of benzoate (Nice-Pak OFM Anion BT) as an EOF modifier at pH 6, to determine organic acids in air filter extracts. We also used a method developed by DevLvre et al. (21) , who used the same EOF modifier and 4-hydroxybenzoate buffer (5mM) adjusted to pH 4.75 to determine organic acids resulting from plant or fungal metabolisms. With these electrolytes, analytical time is shorter than with other electrolytes used for the same purpose (22, 23) .
Because temperature is an important factor, electrolyte pH was strictly adjusted for a working temperature of 25°C. For both electrolytes, the useful pH range of 3.5-6.5 was tested, with better responses observed at pH >4.0. Figure 1 shows that the best resolution was obtained with BZ at pH 4.5; 7 of the 9 analytes at 6 mg/L were resolved (except citrate and oxalate). At this pH and with 5mM PHB (Figure 2 ), only 5 of the 9 analytes were detected; those peaks near the inorganic peak were not resolved. An increase in PHB concentration to 10mM improved the resolution. The volume of the inorganic anions zone and the migration time of the rear boundary of the large peak zone decreased, and the result was similar to that obtained with BZ, that is, oxalate and citrate were again unresolved. The oxalate peak was overlapped by the first large signal corresponding to the chloride, sulfate, and nitrate anions added at concentrations of 100, 200, and 500 mg/L to simulate the concentrations in a soil extract (Figure 3) .
It was observed that a high concentration of inorganic ions affects the migration times and the resolution of some analytes such as oxalate. In this respect, Dolník and Doliníková (24) demonstrated the influence of major compounds (chloride) on migration times of organic acids in analyes of serum samples. Gebauer et al. (25) found that when the concentration of inorganic anions is high, sample self-stacking occurs and minor compounds are retained in the major anion zone. Figures 1 and  4 show the effect of pH on migration times. Comparison of the electrolytes shows a slightly different behavior; it was observed that pH has a stronger influence on migration times obtained with PHB than with BZ. The electric charge, separation, and selectivity of the analytes depend on pH and type of electrolyte. For both electrolytes, an increase in pH causes a decrease in the resolution of the analytes under study. With BZ, separation occurs within 4.5 min, whereas with PHB it occurs within 6 min at pH 4 and within 4.5 min at other pH values. Both electrolytes show that tartrate and formate analytes comigrate at pH 4 and pH 6. At pH 4.5 it was found that phosphate and citrate comigrate, but these anions can be resolved if the buffer pH is <4.5. Succinate comigrates with phosphate at pH 5 when BZ is used. On the other hand, with PHB buffer these analytes also comigrate with phosphate. At pH 6, phosphate and lactate peaks were found to move and appear at longer times compared with those obtained at a lower pH.
In the calibration curves used to calculate the detection limits, inclusion of inorganic anions was not considered. The signal peak area showed good linearity, with correlation coefficients better than 0.999 in most cases (Table 1 ). Detection and quantitation limits were calculated by the statistical method described by Miller and Miller (19) . The highest detection limits were obtained for citrate and oxalate; thus, it was necessary to use a higher interval of calibration (6-30 mg/L). The buffers tested gave the same detection limit for citrate.
PHB at pH 4.5 was found to be the most appropriate for detecting anions usually found in this type of soil, because lower detection limits were obtained for all anions except phosphate, oxalate, and pyruvate. Thus, this electrolyte was used to determine precision and percent recovery in an aqueous extract of soil free of the analytes under study and with the addition of all the analytes at 6 mg/L except oxalate and citrate because of their low sensitivity. The precision of the present method for the 7 analytes, expressed as relative standard deviation (RSD), is summarized in Table 2 . This table shows the precision of migration times, peak areas, and percent recoveries, obtained by using (1) a calibration curve prepared with the inorganic matrix, that is, by the addition of NO 3 -to the standards in an amount equivalent to the total amount of inorganic ions (Cl , 305 mg/L) in the sample matrix, so that the standards and samples had the same concentration, and (2) a calibration curve prepared without the inorganic matrix.
Migration times with PHB were practically the same when the calibration curve was prepared with and without the inorganic matrix; the RSD for migration times was <0.6 for both calibration methods. Similar results were obtained in the case of areas and amounts found of the various analytes, with phosphate showing a greater deviation.
In most cases, the percent recoveries were >95%; the smallest percentage was obtained for phosphate quantified by using the calibration curves prepared without inorganic matrix. The asymmetry of the phosphate peak may possibly account for the poorer precision and lower percent recovery. Results in this case indicate, therefore, that it may not be necessary to include the inorganic matrix in the preparation of the calibration curves for most of the analytes.
In previous studies, different results were obtained when BZ was used as the electrolyte and the inorganic matrix interfered with the analysis (26) . Therefore, the inorganic matrix should be considered in the preparation of calibration curves, especially when the presence of inorganic anions is high.
The optimized methodology was applied to aqueous extracts of soil samples with various total Cu levels. Each analyte was identified by spiking the sample solution with the standard before injection. The resulting peak in the electropherogram was higher than the original peak, without any indication of a shoulder. The results are shown in Table 3. Formate was detected in all the samples but in amounts below the limit of quantitation. Noncultivated soil with a lower amount of Cu was found to contain phosphate, acetate, and only traces of lactate, whereas cultivated soil with the same Cu level was found to contain similar amounts of acetate and a lower concentration of phosphate. The cultivated Shen et al. (6) , by the low immobilization rate of these acids of low molecular weight.
Conclusions
The results obtained show that capillary zone electrophoresis is an effective separation technique for determining organic anions of low molecular weight in the soils studied; the organic anions were satisfactorily determined with high precision and short analysis time. The most adequate electrolyte system for determining the analytes under study was 10mM PHB and 0.5mM TTBA at pH 4.5, although the methodology was deficient for oxalate and citrate; the large peak corresponding to the major inorganic anions overlapped the small oxalate peak, and sensitivity was low for both analytes. The inorganic matrix should be considered in the calibration especially when the level of inorganic anions is high. The dominance of lactate and acetate in the cultivated soils containing the highest level of Cu could be due to excretion of acids by plant roots.
